The molecular biology of developmental gene regulation is generating new mechanistic insights into the evolution of animal morphology. The binding of transcription factors to regulatory DNA sequences controls the spatial and temporal expression of genes in the developing organism, and because each transcription factor provides multiple inputs to other genes, regulatory gene interactions form a network. Developmental gene regulatory networks (GRNs) have a modular structure, or architecture, consisting of subcircuits -each with a given function that is determined by the set of available transcription factors (the regulatory state). For example, some sub-circuits operate differentiation gene batteries (BOX 1; FIG. 1a) , some control morphogenetic function (FIG. 1b) , some interpret initial transient spatial cues in the developing organism, and others mediate the regulatory response to external signals. A realistic understanding of how evolution works should reflect the characteristics of developmental GRNs (BOX 1) that underpin morphological evolution at multiple levels [1] [2] [3] [4] . By extension, to understand the evolution of the body plan we need to understand the evolution of the genomically encoded regulatory processes that control development. We now have direct evidence that these regulatory processes are generated by the operation of developmental GRNs [2] [3] [4] [5] [6] . GRN theory and examples have been the subject of recent reviews 1, [7] [8] [9] . The GRNs that determine the course of development are those that establish the diverse regulatory states in the spatial domains of the developing animal, as they determine which genes will be active or inactive in each domain. However, differentiation and morphogenesis are the product of the thousands of downstream protein-coding genes that encode functionally specialized proteins, and of the interactions and self-assemblies of these proteins. It is the 'why' of their presence in a given domain of the organism that depends on the GRN.
FIGURE 1c shows that specification GRNs are composed of different kinds of subcircuit, and provides an introduction for the main thesis of this article: that changes in different types of these components have different phenotypic effects 10 . All such changes result from evolutionary alterations in cis-regulatory modules that control expression of the genes of the GRN but, as we argue in this article, their effects are strikingly different depending on where in the GRN architecture these changes occur.
GRNs are hierarchical, and some changes have far larger effects than others FIG. 1c) . This, together with the fact that some GRN components can change rapidly whereas others (known as 'kernels') are extremely stable, has important evolutionary consequences. The probability of successful evolutionary change therefore differs across GRN topology. Standard evolutionary models do not accommodate these temporal asymmetries in the patterns of change in GRNs: although it is not generally appreciated, both microevolution and macroevolution assume that the probabilities of different mutations do not vary systematically through time, although their probabilities of success might vary considerably owing to environmental and ecological conditions.
Metazoans have various layers of generegulatory control, including chromatin modification and the action of microRNAs. We focus on the crucial role of the conservation and modulation of developmental GRN sub-circuits. This is for three reasons: first, all other levels of control follow after the primary recognition of genomic regulatory sequence by transcription factors; second, there is a wealth of experimental evidence for the evolutionary significance of morphological evolution of changes in genomic regulatory sequence that alter GRN linkages, as reviewed below and elsewhere 11, 12 ; and third, as GRNs control the developmental process they can be related to their developmental effects only by considering how cis-regulatory changes affect GRN structure.
We review recent studies that illustrate the diverse effects of regulatory changes in GRNs at different levels. Mutations that affect the cis-regulatory nodes of a GRN might cause the gain, loss or redeployment (that is, co-option) of regulatory genes; as a result, the architecture of a GRN might be altered and affect the developmental outcome 1, [13] [14] [15] . We end with the message that soon the mechanisms of morphological evolution will become generally accessible to laboratory tests, an approach we term 'synthetic experimental evolution' .
Classes of regulatory change
Many DNA-level mutational mechanisms can cause gain, loss, or redeployment of cis-regulatory modules, as summarized in BOX 2. These include: point mutations; insertion and deletion of sequence tracts of various size; import and transposition of cis-regulatory modules by transposable elements; and conversion, translocation and replication slippage. These processes occur at different rates and by distinct molecular mechanisms, and they are repaired, or not repaired, by different systems. Some, such as point mutations, can be reversible, but others, such as translocations or deletions or many kinds of insertion or duplication, are essentially irreversible. Although changes to GRN architecture that are due
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Abstract | Comparative developmental evidence indicates that reorganizations in developmental gene regulatory networks (GRNs) underlie evolutionary changes in animal morphology, including body plans. We argue here that the nature of the evolutionary alterations that arise from regulatory changes depends on the hierarchical position of the change within a GRN. This concept cannot be accomodated by microevolutionary nor macroevolutionary theory. It will soon be possible to investigate these ideas experimentally, by assessing the effects of GRN changes on morphological evolution.
to cis-regulatory change have occurred throughout animal evolution, we argue that their effects are highly dependent on where in the GRN architecture they occur.
on the basis of the empirical structures of developmental GRNs and the theory summarized above, we suggest that the potential evolutionary effects of cis-regulatory change depend on both the nature of the change and the region of the hierarchical GRN affected (FIG. 2) .
In this section we review some examples of different types of evolutionary change that have affected different aspects of developmental GRN architecture and that have therefore affected the function of the GRN. These examples range from pigmentation patterns reflecting changes in differentiation gene batteries, to the switch-like functions of some Hox genes, to the redeployment of GRN sub-circuits to form butterfly eyespot patterns. We have chosen cases in which the specific regulatory element that has been altered during evolution is known at some level of detail, so that we can identify the position of that element in the GRN hierarchy; we also describe the mutational mechanism when it is known.
The simplest evolutionary changes in developmental GRN architecture. At the periphery of the developmental GRN are differentiation gene batteries and their immediate controllers. They can be regarded as peripheral because their operation is the terminal activity of the developmental process; furthermore, they exercise little feedback into the internal regions of the GRN compared with the dense feedback linkages that are characteristic of regulatory state specification networks 1 (FIG. 1a ).
An excellent example is the yellow gene in Drosophila. This gene encodes an enzyme that is required for the synthesis of melanin pigment 16 , and thus is a differentiation gene. The different pigment patterns of Drosophila species partly depend on sequence differences in the yellow cis-regulatory modules that control wing pigment pattern 17, 18 and, in the male, posterior abdominal colouring 19 . In each case the polarity of the change is known from studies on close outgroups. For example, an anterior-distal wing pigment spot in Drosophila biarmipes is lacking in Drosophila melanogaster. underlying the evolution of the D. biarmipes pattern was the acquisition of new transcription factor target sites in a pleisiomorphic wing cisregulatory module of the yellow gene, specifically including sites for the posterior wing repressor engrailed. Regulatory changes have also altered the expression of other pigmentation genes that are active in the wing, and cis-regulatory sequence change is also responsible for loss of male abdominal pigmentation in another Drosophila species 16, 17, 19 .
Box 1 | Gene regulatory networks (GRns)
What is a GRn? Development is controlled directly by progressive changes in the regulatory state in the spatial domains of the developing organism. As regulatory genes regulate one another as well as other genes, and because every regulatory gene responds to multiple inputs while regulating multiple other genes, the total map of their interactions has the form of a network. These GRNs consist of regulatory genes, which encode transcription factors, and signalling genes, which encode ligands and receptors for intercellular communication, plus the sequences that control the expression of each of these genes. Thus their components are elements of coding and non-coding DNA sequence, and together they constitute the 'regulatory genome'.
Importantly, these interactions depend causally on the DNA sequences that determine which transcription factors control each gene, and so the architecture of the GRN also depends on the ensemble of genomic regulatory DNA sequences. When these change in evolution, GRN structure changes and the developmental process changes, resulting in great or small changes in the outcome of development (that is, morphology).
Key features of GRns
GRNs are hierarchical, so that the portions controlling the initial stages of development are at the top of the hierarchy, the portions controlling intermediate processes of spatial subdivision or the formation of future morphological pattern are in the middle, and the portions controlling the detailed functions of cell differentiation and morphogenesis are at the periphery.
The modular sub-circuits of developmental GRNs differ in evolutionary lability 10 . The most slowly changing components -called kernels -consist of highly conserved regulatory interactions that establish the progenitor field of a developing structure 1, 10 . Kernels are sub-circuits composed of recursively wired regulatory genes (that is, they share inputs through multiple cis-regulatory interactions), which operate during the initial phase of regional pattern formation for a particular body part. If any of the genes in the sub-circuit are prevented from functioning, the body part fails to develop 30 . A kernel interacts with regional regulatory state sub-circuits, which in turn activate or repress the activity of differentiation gene batteries at the periphery of the GRN (FIG. 1c) . The conserved structure of developmental GRN kernels might be responsible for the phenotypic stability of animal body plans that has persisted at least since the Early Cambrian period, 520 million years ago 63, 64 . The evolutionary stability of kernels contrasts with the lability of other GRN sub-circuits. Minor changes, such as those that affect patterns of pigmentation [16] [17] [18] , occur at high rates. Other changes have a greater impact on phenotype, particularly those that alter the conserved aspects of morphology in major clades 1, 10 .
GRns in evolution
There are a number of attributes that can be used to describe GRNs and their role in evolution; some of these are summarized below.
• Developmental specification GRN. A gene regulatory network that establishes the developmental identity of a previously undefined cellular domain. Specification GRNs therefore determine which genes will be active or inactive in each spatial domain of the developing animal.
• Cis-regulatory module. DNA sequence, usually a few hundred base pairs long, that includes clusters of transcription factor target sites and that is functionally responsible for an aspect of expression of the gene it controls.
• Differentiation gene battery. A set of genes that encode proteins required for cell type-specific function, under common regulatory control by a small set of transcriptional drivers.
• GRN sub-circuit. A modular component of a GRN consisting of ~3-8 regulatory genes plus their regulatory interactions; the output of the sub-circuit executes a given developmental function.
• GRN plug-in. A GRN sub-circuit that is frequently re-deployed in a flexible, non-conserved way in evolution, even though its internal structure remains the same.
• GRN architecture. The topology of the map of functional linkages among the genes of a sub-circuit or of a whole GRN.
• Switch functions. Control circuitry that permits or forbids activity of a whole sub-circuit that has some pattern formation function.
• Signal deployment. Cis-regulatory features causing utilization of one of the canonical intercellular signalling devices in a given developmental context, for example, expression of the signal ligand in certain cells at certain times. In studies of the evolutionary loss of function of particular differentiation genes the question often arises of whether, in a lineage with a derived gene expression pattern, the change occurred in the protein-coding sequence or in a cis-regulatory sequence. Single mutational events can easily destroy either kind of function. But lesions in the coding sequence of a pleiotropic gene are more likely to eliminate function in all phases of development 20, 21 . Conversely, as individual cis-regulatory modules mediate distinct phases of regulatory activity 1 , lesions in just one of these modules will only affect its particular phase of activity. For this reason, changes in particular cis-regulatory modules are commonly observed in pleiotropic genes; yellow is one such example.
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The differentiation gene batteries at the periphery of developmental GRNs consist of effector or structural genes, plus the small set of regulatory genes that determine their developmental deployment. Thus, a potent mechanism of change in regional details of anatomy and function is an alteration of the cis-regulatory modules that determine the developmental expression of differentiation gene battery controllers as well as the structural genes themselves. A canonical example is the regulatory gene ovo (also known as shavenbaby), which encodes a zinc-finger transcription factor that drives the effector genes that build the trichomes on Drosophila larvae. These downstream genes constitute a 'trichome morphological module' 22 : they control actin filament reorganization, modification of the cuticle-cell interaction and pigmentation through direct cis-regulatory control of yellow expression. Indeed, species-specific patterns of trichome deposition depend on cis-regulatory differences in the ovo genes of different Drosophila species 23, 24 . In Drosophila sechellia, for example, alterations in three separate cis-regulatory modules account for the differences between its pattern of trichome deposition and that of D. melanogaster.
Switch-like functions in developmental
GRNs. Some cis-regulatory genes function as Input/output (I/o) switches (FIG. 1c) , enhancing or forbidding the operation of developmental GRN sub-circuits that initiate the development of morphological features. I/o switches appear at every level of GRN architecture -from high in the hierarchy, where the progenitor fields of body parts or embryonic territories are specified, to downstream peripheral functions.
Homeobox (Hox) genes have many functions, but a number of positive and negative functions are apparently of the switch type 1, 10 . one elegant example is provided by the Drosophila Hox gene Ultrabithorax (Ubx). Ubx prevents wing development in the haltere imaginal disc of the third thoracic segment by repressing cis-regulatory modules at multiple nodes of the wing patterning GRN [25] [26] [27] [28] . Ubx also provides positive inputs to genes of the Figure 1 | Key features of gene regulatory networks (GRns), and consequences of changes in GRn components. a | The control system of a typical differentiation gene battery. The output of the specification GRN is expression in given cells of a small set of 'differentiation driver' transcription factors. In combination, these drivers transcriptionally activate the protein-coding genes of the 'differentiation gene battery', because these genes are all controlled by cis-regulatory modules that include target sites for subsets of the drivers. The driver regulatory genes are often cross-regulated, as in the feedback circuit shown, and they provide the multiple inputs into the downstream differentiation genes. These are typically 'wired' in parallel, often in feed-forward circuitry 1, 2, 65 . b | The control system for a morphogenetic function, such as invagination or migration. Based on the few available examples (including REFs 22, 66) , the output of the specification GRN is expression of transcription factors that activate (or repress) a few key checkpoint genes (so-called morphogenes), which are required to trigger the process. Most of the genes encoding proteins that contribute to the process (the effector support genes) are broadly expressed rather than directly controlled by the specification GRN (in contrast to the way differentiation gene batteries are controlled). c | The components and topology of a specification GRN (BOX 1) and diverse types of evolutionary change that might occur therein 1, 2 . The GRN includes a kernel of highly conserved regulatory interactions that establish the progenitor field for regional specification of a developing structure (shown in grey). This kernel in turn provides key inputs into regionally active sub-circuits, the role of which is to establish regional regulatory states (green). The outputs of these activate or repress the activity of differentiation gene batteries at the periphery of the GRN (red). GRNs also encompass Input/Output (I/O) switches that permit or prohibit the operation of the regulatory sub-circuits (purple), and signals between the regulatory sub-circuits (dashed line). At the right of the figure, using the same colour code, are listed the different types of change that might occur as cis-regulatory modules evolve, according to where in the hierarchical GRN the affected cis-regulatory modules operate.
haltere patterning network 29 . In many developmental GRN contexts Hox genes are separate from the patterning sub-circuits, as they do not receive inputs from other genes of the sub-circuit; like Ubx in the haltere, they can sit on the outside of the patterning GRNs, where they act as I/o switches. The deployment of these I/o switches is extremely plastic in evolution, as it depends on individual cis-regulatory modules of the Hox genes.
The most common developmental GRN switches affecting the spatial location of GRN sub-circuit activity during development are those that are regulated by intercellular signals. Specifically because of this role, cis-regulatory change in the expression of signal ligand genes and receptors must a priori be regarded as a potent source of evolutionary variation. We have referred to these signal-driven regulatory switches as the 'plug-ins' of developmental GRNs
, by analogy to canonical electrical switches that can be attached onto any kind of circuitry 10 . The implication is that evolutionary redeployment of these signal systems might cause either large or small alterations in the developmental process, depending on where in the GRN they occur.
experimental identification of an evolutionary signalling change high up in the hierarchy was discovered by comparing the embryonic developmental GRNs of the sea star and sea urchin 30, 31 . embryonic Notch signalling has been deployed in strikingly different ways in the two organisms: in both the sea urchin and sea star, mesoderm to endoderm Notch signalling is required for endoderm specification but, in the sea urchin only, specification of the mesoderm also requires Notch signalling. If Notch signalling is interrupted in the sea star, the result is lack of endoderm and default conversion of what should become endoderm into excess mesoderm; by contrast, in the sea urchin the primary result is the opposite -that is, loss of mesoderm.
At an intermediate level of the developmental GRN, comparative studies in insect orders 32 revealed tremendous variation in the deployment of identical signals during development of the divergent appendage forms, although the full cis-regulatory network remains to be elucidated. The same is true of appendage divergence in tetrapod orders and classes 33 . In both cases these changes are correlated with changes in the transcription of regulatory genes.
examples of evolutionary signal redeployment and of modulation of signal strength at the developmental GRN periphery that have species-specific morphological effects are becoming more common. Among species of Darwin's Galapagos finches 34, 35 , the between-species variation in expression of the transforming growth factor-β ligand bone morphogenetic protein 4 is correlated with the breadth and depth of the beak, whereas calcium signalling mediated by calmodulin (CaM) expression determines beak length. Similarly, the evolutionary divergence of integumental appendages such as hair, feathers and scales in tetrapods can be interpreted as alterations in the expression of signal systems, many of which are utilized in the development of the follicles from which these appendages emerge 36, 37 . unfortunately, there is no direct cisregulatory evidence for the particular cases cited here, except for Notch signalling in the sea urchin 38, 39 . evolutionary analyses of cis-regulatory modules that control the developmental expression of relevant signalling functions will be a fertile area for evolutionary research.
Cis-regulatory alteration of interior GRN architecture. The internal linkages in a developmental GRN functionally connect genes encoding transcription factors, which regulate one another and generate a progression of spatially defined regulatory states. The highly conserved sub-circuits of the GRN -its kernels -cannot be changed without disastrous effects 10 .
In other sub-circuits we might expect that changes in the genomic sequences that execute the control functions at the nodes of the GRN would be a source of pleiotropic evolutionary alterations. Such changes alter developmental GRN architecture and might rearrange the spatial distribution of given regulatory states in the developing organism, affecting the expression of multiple genes downstream. Fixation of such an altered architecture in the population might result in significant morphological change.
The pitx1 homeodomain transcription factor gene is an essential component of the developmental GRN controlling specification and morphogenesis of the vertebrate pelvis and associated structures 20 , but the actual architecture of this GRN has not been fully elucidated. Genetic analysis of the recent evolutionary loss of pelvic spines in isolated populations of the stickleback fish identified mutations in pitx1 (REFs 20, 40) . Mouse knockouts of the gene also affect morphogenesis, which further demonstrates that pitx1 lies in the interior of the GRN architecture. Populations of sticklebacks lacking pelvic spines have reduced pelvic development and the pitx1 gene fails to be expressed in the pelvic region of the larvae. However, other essential aspects of pitx1 expression are normal, and the sequence of the coding region of the gene is identical irrespective of this phenotype. It follows that loss-of-function mutations specifically in a pelvic cis-regulatory module of the pitx1 gene account for this evolutionary change. Furthermore, similar mutations in the same gene have occurred repeatedly in different stickleback populations.
The proneural genes of the achaetescute (ac-sc) complex in Drosophila species are expressed in the developing peripheral nervous system bristles, which appear on the notum and wing in species-specific,
Box 2 | Modes of cis-regulatory change
There are a number of changes that can have an effect on cis-regulatory modules (CRMs). Three of these changes are summarized below.
internal changes that could affect the function of a pre-existing cRM • SNPs that are due to single base-pair mutation can cause gain of new binding sites, loss of sites, or strengthening or weakening of binding to sites.
• Insertions and deletions can change the distance between interacting sites, cause gain or loss of sites, or an increase in the copy number of given sites.
• Insertion of mobile element carrying regulatory sequences can cause gain or potential loss of site, change in the distance between interacting sites and increase in copy number, as well as alter the strength of binding at the site.
changes that alter cRM repertoire of pre-existing genes • Insertion of CRMs from elsewhere, carried by mobile elements, by inversions, by translocations, or by intronic retrotranspositions can cause gain of developmental functions without loss of the gene.
• Loss of a CRM by translocation, large deletion, inversion breakage or insertion of mobile element can cause loss of specific developmental function without loss of the gene.
Large-scale rearrangements that produce novel gene-cRM complexes
• Regional duplications can result in subfunctionalization and neofunctionalization.
• Translocations can bring new genes into large regulatory domains. Regulatory state stereotypical positions. each bristle arises from a proneural cluster of cells marked in the imaginal disc by ac-sc expression, which is controlled by a large number of cis-regulatory modules that interpret the complex spatial regulatory landscape in the disc 41 . The patterning GRN contains many regulatory genes, expressed in specific overlapping domains 42 , so that activators and repressors produce diverse combinatorial regulatory states in the various local regions of the disc. Downstream of ac-sc are other transcriptional regulatory genes, in particular the Enhancer of split genes 43, 44 . Thus the position of ac-sc is clearly internal with respect to GRN structure. But both the wing regulatory landscape and the ac-sc cis-regulatory systems of Drosophila are greatly different from their respective pleisiomorphic states, as revealed by several studies of basal dipterans [45] [46] [47] . These dipterans lack bristle-specific ac-sc control modules; instead, broad areas are defined, each of which contains many bristles. The evolution of the Drosophila pattern has required the gain of the multiple unique cis-regulatory modules of the ac-sc complex, as well as the currently undefined cis-regulatory changes required to generate the multiple localized regulatory states upstream of ac-sc. This means the de novo generation of regional patterning GRN sub-circuits occurred since the divergence of the Diptera.
Redeployment of whole developmental GRN sub-circuits. Just as whole differentiation gene batteries can be redeployed in evolution, so can the internal specification subcircuits of GRNs, the role of which is to set up new regulatory states in given places in the developing organism. A demonstration of this is the redeployment of the patchedhedgehog-engrailed-cubitus interruptus repression sub-circuit to establish the foci of the pigmented eyespots in the wings of some butterflies 48 . This same signalling subcircuit is probably a pleisiomorphic feature of transcriptional patterning at the anteriorposterior boundary of the insect wing, where its purpose is to cause engrailed expression in intervein cells. In such cases, genes that are already linked in regulatory circuits retain their functional connections, and thus the cis-regulatory alterations produce a large effect for a small change, as they result in the transfer of a whole GRN sub-circuit to a new embryological or larval address.
A prominent derived feature of sea urchin embryos and larvae is their biomineral skeleton, which arose 250 million years ago. Since then the developmental GRN responsible for producing the embryonic skeleton was loaded into the regulatory apparatus of the micromere cell lineage, which builds the skeleton in modern sea urchins. This almost 30-gene network is now well characterized 2 ; this made it possible to test the idea that the embryonic skeleton is a heterochronic redeployment of the adult skeletogenic GRN module that is common to all echinoderms. A study 49 of almost every gene of the embryonic skeletogenic lineage shows that the differentiation gene batteries, their regulatory drivers and the skeletogenic regulatory state sub-circuits of the adult skeletogenesis centres were redeployed en masse by hooking the whole of this circuitry into the embryonic micromere lineage-specification system. The micromere lineage GRN turns on its functions by use of a double negative gate (that is, a repressor repressing a repressor); to hijack the whole adult skeletogenic circuitry the cis-regulatory modules operating its upstream genes merely had to be brought under the control of this gate.
Protein-coding changes. Although we are concerned here with the evolution of animal morphology through cis-regulatory alteration, the same arguments pertain to changes in the protein-coding regions of genes. Most of these are changes in differentiation proteins. However, alterations also occur in the coding regions of transcription factors. Their evolutionary effects, in the same way we have discussed, depend on where in the developmental GRN these regulatory proteins operate. A good example is the (FIG. 1a) , depending on whether the change occurs in a sequence upstream of the battery (1), in a sequence directly controlling the battery (2), or in a differentiation gene (3) . b | The effect of loss or redeployment of a cis-regulatory module controlling a sub-circuit (S) in a gene regulatory network, depending on whether the change occurs upstream of the sub-circuit (1), producing a loss or shift of the structure; in a cis-regulatory module that is part of a feedback structure (2), leading to the loss of lockdown of the feedback loop and fading out of development; or in a cis-regulatory module directly controlling the sub-circuit (3), leading to a loss or redeployment of the structure.
acquisition of a repressive regulatory domain in the insect uBx protein, which affects the I/o function of uBx and prevents the development of abdominal legs 50 . Similarly, variation in the number of tandemly repeated coding-sequence elements in regulatory genes of skeletal patterning systems in dogs and other mammals is a rapidly occurring mechanism of change in morphology 51 . In summary, although we can describe all of the DNA-level evolutionary changes discussed in this article as 'cis-regulatory alteration' , this term conflates many mechanisms that produce many effects. There is no equivalence between the processes of single base-pair mutation, the one-time insertion of a transposon-borne cis-regulatory module in the vicinity of a regulatory gene, the translocation of a gene to the regulatory environment of another gene, or the common and usually irreversible processes of sequence deletion and insertion. When there is sufficient experimental detail on the structure of the developmental GRN, we have described the effects of these cisregulatory alterations in the context of the hierarchical organization of GRNs and their diverse developmental effects. As developmental GRNs continue to be elucidated, our ability to understand the context of these changes will correspondingly increase.
Evolutionary implications
This emerging view of the evolution of developmental GRNs presents a challenge to our understanding of the evolutionary process. over evolutionary time, GRNs seem to have modified the range of accessible variation by changing the probability of evolution in different parts of the network. The formation and subsequent conservation of developmental kernels provide a paradigmatic example. After regional patterning interactions form a kernel it becomes resistant to subsequent modification, shifting the locus of selection to the kernel, rather than its component genes. The extreme conservation of network structure in kernels and their resistance to perturbation experiments indicates that they are subject to purifying internal selection 52 , and present almost no additive genetic variation to external selection. Thus, the hierarchical structure of developmental GRN controls the nature of the variation available, in effect 'packaging' entire GRN sub-circuits for selection. Some of these sub-circuits have remained static for hundreds of millions of years 11 , and this has forced evolutionary changes upstream and downstream in the GRN. As this space of 'evolutionarily relevant mutations' 53 has been modified there has been a temporal vector to the likelihood of evolutionary success of different types of GRN modification, particularly those responsible for body plan formation: this is a non-uniformitarian view of evolution. Although the mechanistic explanation is new, Riedl referred to the concept as 'burden' 54 and Wimsatt as 'genetic entrenchment' 55, 56 . Uniformitarianism is the concept that the processes of geology have not changed over time, and thus 'the present is the key to the past'; this is also an implicit assumption of most evolutionary theory. Strict microevolutionary theory assumes that changes in gene frequencies are sufficient to explain all evolutionary patterns. In terms of developmental GRN structure, this concerns mainly changes at the periphery of GRNs. The macro evolutionary theories favoured by many palaeontologists are similarly ahistorical, focusing on selection operating at the level of species and clades [57] [58] [59] [60] , but with no historical vector. Neither microevolution nor macroevolution takes into consideration the impact of past changes in developmental GRNs on the future course of evolution.
Synthetic experimental evolution understanding that the mechanistic foundation of major morphological changes lies in alterations in GRN architecture is opening the way to a new kind of evolutionary biology: this could be termed 'synthetic experimental evolution' (Supplementary information S1 (figure)). As we come to understand the structure and function of developmental GRNs, and as our technological abilities to re-engineer them in living developing systems improves, it will become possible to experimentally reproduce evolutionary pathways (see also REF. 61 ).
Glossary

Additive genetic variation
The portion of genetic variance that is attributable to the average effect of substitution of one allele for another at a locus; it is used to predict the rate of response to selection for quantitative traits.
Body plan
The conserved aspects of morphology that define major clades, recognized in a Linnean hierarchy as phyla, classes and perhaps orders.
Fixation
Describes the situation in which a mutation has achieved a frequency of 100% in a natural population.
Haltere
Club-shaped modified hind wings on Drosophila species that serve as gyroscopic sense organs.
Heterochronic
An evolutionary change in the timing of a developmental process, so that a character or process occurs earlier or later in ontogeny, or grows at a different rate.
Imaginal disc
Epidermal thickenings in the larvae of holometabolous insects. The discs contain mesodermal cells that give rise to adult organs.
Integumental
Relating to the skin; appendages that grow out of the skin.
Lockdown
Establishment of a stable regulatory state by instituting positive feedback between regulatory genes that ensures continued transcription of the participating genes and those operating downstream of them in the GRN.
Macroevolution
Evolution above the species level, including species-level trends, and putatively encompassing selection at the level of species and clades.
Microevolution
Evolution within species and often the formation of new species; this is experimentally accessible through studies of shifting gene frequencies in populations.
Neofunctionalization
Acquisition by a duplicated gene of a new function compared with the original common ancestral function.
Notum
The dorsal portion of an insect's thoracic segment.
Outgroup
The most distantly related group in a phylogenetic analysis; it is used to establish the sequence and polarity of evolutionary changes.
Pleisiomorphic
Character states of an organism that were present before the last common ancestor of a clade.
Purifying internal selection
The elimination of genetic variation except around a single mode, by selection against non-viable developmental mutants.
Regulatory state
The set of active transcription factors in every cell at any time point.
Subfunctionalization
Retention by duplicated genes of different components of the original common ancestral function, which allows both gene copies to be preserved.
Trichome small hairs, specifically on the epidermis of Drosophila species.
Uniformitarianism
The assumption that studies of present processes are sufficient to understand past events, because there is a single common underlying evolutionary process that accounts for changes at every level. This is already happening at the level of single-gene interventions. For example, as noted above, variation in beak length in Darwin's finches is driven by regulatory variation in the levels of CaM-dependent signalling in the developing beak mesenchyme 34 . This was confirmed by forcing expression of CaM in the developing chicken beak, and showing that this caused beak elongation. In another example the difference in forelimb length between bats and mice was addressed by inserting into the mouse genome a bat cis-regulatory module of the Prx1 homeodomain gene 62 . In mammals, Prx1 functions as an essential limb patterning regulatory gene. Introduction of the bat cis-regulatory module caused the lengthening of the embryonic mouse forelimb, thus demonstrating experimentally the evolutionary mechanism.
We believe, however, that the possibilities for synthetic experimental evolution are more far reaching, provided that three requirements are met: as thorough knowledge as possible of the developmental mechanism for formation of a derived character; the availability of a related experimental organism that manifests the pleisiomorphic state and into which gene transfer is possible; and the necessary technology for genomic transfer of regulatory circuitry. Such requirements are easily met for recent divergences but also apply to much deeper divergences, for example, between orders of echinoids. In other words, when we can re-engineer development experimentally, we should be able to reproduce much more fundamental evolutionary changes in morphology.
Conclusions
These arguments point to three complementary avenues of research into the basic problems of understanding mechanisms of animal body plan evolution. First, we need vastly augmented sets of comparative GRN analyses, which in turn require vastly expanded knowledge of developmental GRNs, obtained in reference to the cladistic relationships of organisms. Second, we need a deeper and far more extensive understanding of the mechanisms and functional consequences of cis-regulatory sequence change, and of constraints and flexibility in cis-regulatory sequence organization. Finally, we need the ability to carry out synthetic experimental evolution, which will provide experimental tests of the results gleaned from comparative GRN studies. evolution of the animal body plan can be considered the most sophisticated, interdisciplinary and demanding branch of gene regulation bioscience, but viewed in this way it is clear that its mechanisms will be solved, as the basic features of gene regulation bioscience are solved.
